Cellular and Molecular Mechanisms in Vascular Smooth Muscle Cells by which Total Saponin Extracted from Tribulus Terrestris Protects Against Artherosclerosis

Introduction
Tribulus terrestris L. (Zygophyllaceae) is an annual creeping herb that grows widely in China [1] . Total saponin extracted from Tribulus terrestris (TSETT) has been reported to protect against the formation of atherosclerosis [2] . However, little is known about the cellular and molecular mechanisms by which TSETT alleviates atherosclerosis.
Vascular smooth muscle cells (VSMCs) proliferation induced by various growth factors contributes to a variety of pathological processes including atherosclerosis [3] . Angiotensin II, an octapeptide hormone, is the active component of the renin-angiotensin system and acts as a potent growth factor for VSMCs. As a classical second messenger and an important signalling molecule, intracellular free Ca 2+ ([Ca 2+ ] i ) has been reported to be involved in the VSMCs proliferation induced by angiotensin II [4] . Reactive oxygen species (ROS) as mediators of angiotensin II act on calcium signaling [5] . Subsequently, a growing body of evidence suggests that protein kinase C (PKC), extracellular signal-regulated kinase 1/2 (ERK1/2) and some immediate-early proto-oncogenes, such as c-fos and c-jun, are involved in the proliferation of VSMCs induced by angiotensin II [6] [7] [8] [9] .
In the study reported herein, we aimed to elucidate the cellular and molecular mechanisms by which TSETT alleviates atherosclerosis. We investigated the effect of TSETT on angiotensin II-induced proliferation in cultured VSMCs and analysed the involvement of ROS, [Ca 2+ ] i , c-fos, c-jun, pkc-α and ERK1/2.
Materials and Methods
Preparation of TSETT
Air-dried and powdered fruits of Tribulus terrestris (240 g) were extracted three times with 70% ethanol. The combined extracts were evaporated to dryness under vacuum. The residue was dissolved in water and extracted by aqueous n-Butanol three times. The n-Butanol extract was evaporated to dryness under vacuum and was subjected to chromatography on D101 resin, and first eluted successively with water and then with 50%, 70% and 100% ethanol. Fractions containing saponins were combined and then evaporated to dryness under reduced pressure to give the TSETT (yield 0.261%). TSETT sample was dissolved in phosphate buffered saline (PBS) and sterilized by passing through a 0.22 μm syringe filter.
Cell Culture
Primary VSMCs were obtained from the thoracic aorta of newborn calves and cultured by the tissue explant method as described in our previous paper [10] . Briefly, the smooth muscle tissue was opened longitudinally, cut into small pieces, transferred into 75-cm 2 flasks, and maintained at 37°C in a humidified incubator with an atmosphere of 95% air and 5% CO 2 . Tissue explants were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) that contained 20% Fetal Bovine Serum (FBS) (Invitrogen), 100u/ml penicillin and 100μg/ml streptomycin. The cells that grew from the explants reached confluence after approximately 14 days and were subcultured with 0.25% trypsin (Sigma, St. Louis, MO, USA) to fresh flasks. After the first subculture, the cells were subcultured every 3 to 4 days. From the first subculture, the medium was changed to DMEM that contained 10% FBS and the antibiotics. Cells were characterised as VSMCs on the basis of a hill-and-valley growth pattern displayed at confluence and by positive immunostaining with a monoclonal antibody against VSMC-specific α-actin (Santa Cruz, CA, USA). Cells at passages 3-5 were used for the experiments.
MTT Assay for VSMCs Proliferation
We assessed metabolic activity of cells using an assay based on the reduction of Methyl thiazolyl tetrazolium (MTT), the tetrazolium salt, by cellular metabolism. Bioreduction of tetrazolium salts probably reflects the integrated pyridine nucleotide dependent redox state of the cell. Therefore, the amount of formazan product is proportional to the metabolic activity of cells in culture and provides a widely used, although indirect, measurement of cell proliferation. Briefly, a suspension of VSMCs was diluted to 5×10 4 cells/ml in medium that contained 10% FBS and seeded into 96-well culture plates. After 24 h, the M of DCFH-DA (Molecular Probes) for 30min, followed by stimulation with angiotensin II for 5min. Cells were lysed with 0.5M of NaOH. The fluorescence was measured at 485nm excitation and 525nm emission. Six duplicate wells were set up for each condition. Each assay was performed in triplicate. ] i was measured using the calcium fluorescence indicator fluo-3-AM (Molecular Probes Inc. Eugene, Oregon, USA) which was dialyzed into the cells. The fluorescence signal was monitored with confocal laser scanning microscopy (LSM 510; Carl Zeiss, Jena, Germany). Specifically, cells adherent to coverslips were preincubated with or without TSETT for 30 min, then washed three times with HEPES buffer that contained 1.5 mM CaCl 2 and incubated with 5 mM fluo-3-AM for 20 min at 37°C in 5% CO 2 . Extracellular fluo-3-AM was removed by washing the cells three times in HEPES-buffered saline. Imaging was performed using a Zeiss LSM image browser. The fluo-3 dye was excited with a 488 nm wavelength argon laser beam and the emission fluorescence was monitored at 525 nm. Hydrogen peroxide (H 2 O 2 ) stimulation was added during scanning. Relative fluorescence intensity was quantified using the regions of interest (ROI) tool of the 'time course' software on the LSM image browser system and displayed as arbitrary units after subtraction of the background ROI.
Measurement of [
Gene Array Assay
Total cellular RNA from VSMCs was isolated using TRIzol reagent (Invitrogen) in accordance with the manufacturer's protocol. The purity and integrity of RNA were determined by the absorbance at A 260/280 and gel electrophoresis, respectively. The RNA with A 260/280 > 1.9 was used for synthesis of cDNA probes. cDNA probes were synthesized using GEArray-specific primers and Moloney murine leukaemia virus reverse transcriptase (Promega Co., Madison, WI, USA) in the presence of RNase inhibitor (Promega); Biotin-16-dUTP (Roche Applied Science, Indianapolis, IN, USA) was also included in the reaction. Gene arrays were prehybridised with sheared salmon sperm DNA (Invitrogen) before hybridisation with the cDNA probes. Hybridisation was carried out at 60°C for 16 h. Chemiluminescent images of the gene arrays were recorded on X-ray film. ScanAlyze software (SuperArray Inc., Bethesda, MD, USA) was used to analyse optimally exposed radiographs. The abundance of each transcript was normalised to the abundance of housekeeping gene markers on each array.
Real-time Quantitative PCR
Real-time quantitative polymerase chain reaction (Real-time quantitative PCR) was used to verify the differential expressions of the selected genes. Total RNA preparation was described as above. Primers were designed by using Primer Express Software, version 5 (Applied Biosystems, Inc., Foster City, CA). The primers for c-fos were 5'-GTG CCA ACT TCA TCC CAA CA-3' (sense) and 5'-GCA GCC ATC TTA TTC CTT TCC-3' (antisense) with a PCR product of 283 bp. The primers for c-jun were 5'-ACG ACC TTC TAT GAC GAT GCC-3' (sense) and
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry 5'-CCC GTT GCT GGA CTG TAT GA-3' (antisense) with a PCR product of 240 bp. The primers of upstream and downstream for pkc-α were 5'-GGGAATGTTACCTGTTTCTGCT-3' and 5'-GGTCACTGTAAGGCTGTTGGAT-3', respectively, and the product was 250 bp long. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The primers of upstream and downstream for GAPDH were 5'-AAGAAGGTGGTGAAGCAGGC-3' and 5'-TCCACCACCCTGTTGCTGTA-3', respectively, and the product was 203 bp long. Real-time quantitative PCR was carried out with the Light Cycler Instrument (Roche Applied Science) using the DNA binding dye SYBR Green I for detection of PCR products. PCR was performed in multiplicate in optimized conditions: 95°C denatured for 5 min, followed by multiple cycles at 95°C for 10 s, at 58°C for 15 s, at 72°C for 20 s, and 85°C for 5 s (collecting fluorescence). For c-fos, c-jun and pkc-α, the cycle number was 35 and for GAPDH, the cycle number was 30, then 72°C for 10 min, followed by melting curve analysis. Standard curves for these molecules were generated by amplifying 1-, 10-, 100-, 1000-, and 10000-fold dilutions of murine macrophage cDNA. The mRNA level for each sample was normalised to that of GAPDH.
Cell-based ELISA for ERK1/2 Phosphorylation
A suspension of VSMCs was diluted to 5×10 4 cells/ml in medium that contained 10% FBS and seeded into 96-well culture plates. After 24 h, the medium was exchanged for DMEM that contained 0.5% FBS to make the cells quiescent for 4 h. VSMCs were preincubated for 30 min in the presence or absence of TSETT or losartan which served as a positive control, and then stimulated with angiotensin II for 10 min in DMEM that contained 0.5% FBS. Further wells had cells which were cultured in medium without any stimulation, and these served as negative controls. Six duplicate wells were set up for each condition. Phosphorylation of ERK1/2 (phospho-ERK1/2) was measured by cell-based enzyme-linked immunosorbent assay (ELISA) as described previously [11] . Briefly, after stimulation, the cells were fixed with 4% paraformaldehyde in PBS at room temperature for 20 min and washed three times with PBS that contained 0.1% Triton X-100 (PBS/ Triton). Endogenous peroxidase was quenched with 0.6% H 2 O 2 in PBS/Triton for 20 min. After had been washed for three times with PBS/Triton, the cells were blocked with 10% FBS in PBS/Triton for 1 h and at 4°C incubated overnight with primary antibody against phospho-ERK1/2 (Santa Cruz). The following day, cells were washed three times with PBS/Triton and incubated with horseradish peroxidase-coupled goat anti-mouse IgG antibody (Santa Cruz) at room temperature for 1 h, and washed three times with PBS/Triton and twice with PBS. Subsequently, cells were incubated with 50 μl of a solution that contained 0.6 mg/ml 3, 3'-diaminobenzidine and 0.03% H 2 O 2 in PBS at room temperature in dark for 15 min. The reaction was stopped with 25 μl of 1M H 2 SO 4 , and A 490 was measured with an ELISA reader (1500: Thermo Electron Corp.) to quantify the amount of phospho-ERK1/2. Wells that did not contain cells were used as a zero point of absorbance. Each assay was performed in triplicate.
Western Blotting Analysis
Confluent cells were preincubated with or without TSETT, followed by stimulation with angiotensin II. Subsequently, cells were washed twice with ice-cold PBS containing 1 mM Na 3 VO 4 and 1 mM NaF, and then lysed by the addition of 200 μl ice-cold lysis buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 1% Triton X-100, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride (PMSF), and 10 μg/ml leupeptin. The cell lysates were then incubated on ice for 30 min, scraped and transferred into a 1.5 ml Eppendorf tube. After brief sonication, the samples were centrifuged for 15 min at 14,000 ×g at 4 °C. Supernatants were used immediately or stored at −70 °C. Protein concentrations were determined by the Bradford method using bovine serum albumin (BSA) as a standard.
Equal amounts of proteins were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (10% separating gel and 5% stacking gel). After electrophoresis, the proteins were transferred to nitrocellulose membranes by electrotransfer. Membranes were blocked in 5% nonfat milk powder in Tris-buffered saline (TBS)/0.1% Tween-20 for 1 h at room temperature, and then incubated for 2 h at 37 °C with specific antibodies (Santa Cruz). Membranes were subsequently washed three times and incubated in horseradish peroxidase-coupled anti-mouse IgG antibody for 1 h at room temperature. Immunoreactive bands were visualized by an enhanced chemiluminesence assay following the manufacturer's instructions (Pierce
Statistical Analysis
Data are expressed as the mean ± standard deviation (SD). Statistical differences between mean values were determined using one-way analysis of variance and Student's t test. P ≤ 0.05 was considered statistically significant.
Results
Effect of TSETT on Angiotensin II-induced VSMCs Proliferation
Proliferation was examined by MTT as described in "Materials and methods". Referring to the concentration-effect relationship [12] , three concentrations of TSETT were designed as 0.060, 0.120 and 0.240 mg/ml. VSMCs were preincubated for 12 h with or without TSETT, and then stimulated with angiotensin II (100nM) in DMEM that contained 0.5% FBS for 24 h. The result was shown in Fig. 1A . In comparison with negative control (A), angiotensin II (100 nM) stimulated VSMCs proliferation significantly (B). The proliferation of the unstimulated cells was not affected by TSETT (data not shown). However, angiotensin IIinduced VSMCs proliferation was suppressed by TSETT at 0.060(C), 0.120(D) and 0.240(E) mg/ml in a concentration-dependent manner. The maximal suppressive effect was at 0.240 mg/ml. This concentration was therefore used in the following experiments. 1 μM losartan (Mediking Pharmaceutical Co. Ltd., Beijing, China), an angiotensin II receptor antagonist drug used mainly to treat high blood pressure (hypertension), which served as a positive control, significantly suppressed angiotensin II-induced VSMCs proliferation (F).
The time-course of TSETT effect was shown in Fig. 1B . The cell proliferation in negative control group increased slightly (a). After stimulated by 100 nM angiotensin II, the cell proliferation increased rapidly (b), peaked at 30 min, and remained at higher level than 
Effect of TSETT on Angiotensin II-induced H 2 O 2 generation and H 2 O 2 -induced [Ca 2+ ] i Mobilization
We evaluated the intracellular production of H 2 O 2 with DCFH-DA, a probe used to detect intracellular H 2 O 2 in a variety of cells, including VSMCs. The result was shown in Fig. 2A . In comparison with control (A), the fluorescence intensity was not affected by preincubation of 0.240 mg/ml TSETT (B), but was increased significantly by the stimulation of angiotensin II (100 nM) for 5 min (C). The increase of fluorescence intensity induced by angiotensin II was suppressed significantly by pretreatment of VSMCs with TSETT (0.240 mg/ml) for 12 h (D).
[Ca
2+
] i mobilization was measured using confocal laser scanning microscopy. As shown in ] i was assayed using confocal laser scanning microscopy. ] i response in the cells which were pretreated with TSETT (0.240 mg/ml) for 30 min.
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Effect of TSETT on Angiotensin II-induced Gene Expressions
Cells were preincubated in the presence or absence of TSETT (0.240 mg/ml) for 30 min, then stimulated with angiotensin II (100 nM) for 24 h. Further cells which were cultured in medium served as control. At the end of the incubation period, gene expressions were determined using gene array and real-time quantitative PCR. Fig. 3A exhibited the result of gene array. In comparison with control, angiotensin II induced an obvious increase in the mRNA expression of c-fos, c-jun and pkc-α, and the increase was inhibited by preincubation with TSETT. Whereafter, the inhibitions of c-fos, c-jun and pkc-α were further verified by realtime quantitative PCR. As shown in Fig. 3B , the results from real-time quantitative PCR were conformable to that from gene array. Fig. 4A showed the effect of TSETT on angiotensin II-induced ERK1/2 phosphorylation measured with cell-based ELISA assay. In comparison with negative control (A), TSETT did not affect ERK1/2 phosphorylation in normal cells (data not shown), but angiotensin II (100 nM) stimulated ERK1/2 phosphorylation significantly (B). Angiotensin II-induced ERK1/2 phosphorylation was inhibited by TSETT of 0.060, 0.120 and 0.240 mg/ml (C, D, E) Fig. 3A . showed the images of mRNA expressions from gene array. Fig. 3B . showed the mRNA expressions of c-fos, c-jun and pkc-α from real-time quantitative PCR. Cells were preincubated with or without TSETT (240 μg/ml) for 30 min, followed by stimulation with angiotensin II (100 nM) for 24 h. Further cells that were cultured in medium served as control. Three duplicate tests were set up in each sample. Data are expressed as mean ± SD. * p < 0.05, ** p < 0.01, significant difference from the control; # p < 0.05, ## p < 0.01, significant difference from the angiotensin II samples.
Effect of TSETT on Angiotensin II-induced ERK1/2 phosphorylation
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To confirm this result, experiments using western blotting analysis for phospho-ERK1/2 were performed. As shown in Fig. 4B , band intensity of ERK1/2 was not changed after treatment with angiotensin II or/and TSETT and it was used as an internal standard. Intensity of phospho-ERK1/2 was standardized to that of ERK1/2. In comparison with negative control (A), there was no difference from the cells incubated only with TSETT (B). However, angiotensin II (100 nM) stimulated ERK1/2 phosphorylation significantly (C), and pretreatment the cells with TSETT (0.120, 0.240 mg/ml) for 12 h resulted in a significant reduction in ERK1/2 phosphorylation induced by angiotensin II (D, E).
Discussion
It has been known that the proliferation of VSMCs in response to angiotensin II contributes to the pathological process of atherosclerosis. In the present study, one of the more significant results was that TSETT suppressed angiotensin II-induced VSMCs proliferation. This implies that the suppression of VSMCs proliferation might be one of the cellular mechanisms by which TSETT alleviates atherosclerosis. In light of this, we further explored the molecular mechanisms underlying the suppression of TSETT on VSMCs proliferation.
The major signaling event activated by angiotensin II appears to promote the generation of ROS, such as H 2 O 2 , which leads to [Ca 2+ ] i mobilization [13, 14] . Accordingly, we first ] i was increased sharply by stimulation with H 2 O 2 , and the increase was inhibited by pretreatment with TSETT. Besides, previous study also reported the antioxidant potential of TSETT [15] . These results suggest that TSETT act as a potent antioxidant to inhibit the increase in the intracellular ROS, [Ca 2+ ] i and subsequently suppress VSMCs proliferation.
PKC-α, a conventional PKC isoform, has been shown to mediate VSMCs proliferation in rat, human and bovine [9, 16, 17] . Thus, we focused on the role of PKC-α in the suppression of TSETT on angiotensin II-induced VSMCs proliferation. The results showed that the mRNA expression of pkc-α was increased clearly by angiotensin II and the increase was inhibited significantly by pretreatment with TSETT. Moreover, the concentration of TSETT that was required for inhibition of pkc-α mRNA expression was similar to that required for suppression of VSMCs proliferation. So, it can be deduced that the suppressive effect of TSETT on angiotensin II-induced VSMCs proliferation is due, at least in part, to its ability to inhibit the mRNA expression of pkc-α.
ERK1/2 is thought to function as an integrator for mitogenic signals that originate from several distinct classes of cell surface receptor, such as receptor tyrosine kinases and G-protein-coupled receptors. ERK1/2 is activated by phosphorylation on tyrosine and threonine residues, and subsequently stimulates cell proliferation [18] . We examined ERK1/2 phosphorylation to investigate whether the antiproliferative effect of TSETT is correlated with the inhibition of ERK1/2 activation. Our result showed that ERK1/2 phosphorylation was increased clearly by angiotensin II and the increase was inhibited significantly by pretreatment with TSETT. It's worth noting that fluctuations of the phospho-ERK1/2 conformed to those of the cells proliferation. Therefore, the data presented here are sufficient to establish a relationship between phospho-ERK1/2 and proliferation.
Activations of PKC and ERK1/2 have been proved to induce the expression of protooncogenes, such as c-fos and c-jun, which leads to cell proliferation [19] [20] [21] . In view of these facts, we further observed the effects of TSETT on the mRNA expressions of c-fos and c-jun. Our result exhibited that the mRNA expressions of c-fos and c-jun were increased clearly by angiotensin II and the increases were inhibited significantly by pretreatment with TSETT. This result implied that the proto-oncogene mediated the suppressive effect by TSETT on the proliferation in VSMCs. In fact, previous study showed that chelerythrine chloride, a specific inhibitor of PKC, did not affect activation of ERK1/2 [9] , which means that angiotensin II -induced ERK1/2 activation might be independent of PKC in VSMCs. These data suggest that the inhibition of proto-oncogene expression by TSETT attribute to the inhibitory effect on both PKC and ERK1/2.
Taken together, the present data suggest that the suppression of VSMCs proliferation induced by angiotensin II is one of the cellular mechanisms by which TSETT alleviates atherosclerosis. The possible molecular mechanisms by which TSETT suppresses VSMCs proliferation are the inhibition of the intracellular production of ROS, the inhibition of [Ca 2+ ] i mobilization, the inhibition of pkc-α expression, the inhibition of ERK1/2 phosphorylation, and the inhibition of proto-oncogene expression. These findings provide a new insight into the antiatherosclerotic properties of TSETT and provide a pharmacological basis for the clinical application of TSETT in anti-atherosclerosis.
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